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Abstract

Yogurt plastic containers made of polystyrene (PS), olive stone, and mixtures of both
have been converted into activated carbon materials transforming them firstly into char
via pyrolysis and secondly with activation of either KOH or HoSOa. The pyrolysis of the
olive stone gave a higher yield of material than the plastic PS. However, the activation
of the PS char with KOH was more effective, reaching surface areas of 508 vs 194 m? g’
! of the corresponding prepared with olive stone. The prepared materials were tested as
CO» adsorbent in thermobalance and fixed-be column assays. The materials activated
with H2SOy4 slightly enhanced the adsorption ability of the original char but were far
from the performance obtained with KOH activation. The CO> isotherms showed high
synergy of CO, uptake and selectivity when using activated chars prepared with the
char from the mixture of raw materials, specially at a 1:1 ratio. The isosteric heat of
adsorption values were the expected for a physisorption process. Further experiments in
a fixed-bed column were also studied at atmospheric pressure at different inlet CO>
concentrations (10-50%). The CO; retention increased as the partial CO, pressure rose.
Besides, a very similar performance of the material prepared with plastic and olive
stones was obtained at 50%, i.e. 220 and 197 mg g' respectively. At low CO;
concentrations, the materials enriched with plastic displayed better performance than

those prepared with olive stone. Cycles of adsorption-desorption were carried out in the

1



27  column to assess the stability of the materials. The curves obtained did not display any

28  substantial change, demonstrating the lack of adsorption retention.

29  Keywords: pyrolysis; char; polystyrene; olive stones; activation; CO> adsorption
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1. INTRODUCTION

The discovery and industrial manufacturing of plastic have posed a great
development since they were mass-produced in the 1950s due to their versatile
properties. Their use is ubiquitous in almost all economic sectors. Plastic consumption
has vertiginously risen. By 2050, it is expected to have produced 1000 million tons of
plastics [1]. Currently, on average, only 9% of the released plastics are recycled [2]. The
rest is landfilled or polluting the natural ecosystems. The alarming presence of plastics
in the environment is stressing and challenging the natural life development of living
organisms [3]. The presence of micro-sized plastics has been widespread all over the

World with a special impact on marine fauna [4,5].

Packaging is the sector that consumes the largest plastics amount and also the sector
with the shortest life [6]. After use, the plastics used for packaging are discharged.
Those that are easily recycled mechanically are incorporated in the plastic circle
manufacture, promoting therefore the circular economy. However, the complexity in
terms of composition and complex management makes little applicability the
mechanical recycling, especially in the rejected fractions from urban wastes. In this
case, recycling through chemical strategies represents a more competitive alternative.
Chemical recycling consists of the breakage of the polymer into monomers by chemical

[7], biological [8] enzymatic reactions [9], or pyrolysis [10,11].

The pyrolysis or the thermal lysis of the polymeric chains allows to obtain three
fractions [12]: a gas generally enriched in methane and other incondensable
hydrocarbons up to butane; a liquid or oil fraction of variable composition depending on
the starting polymer; and a solid residue. The solid waste obtained, namely char, is rich
in carbon and the production yield depends on the operating conditions during the

pyrolysis process [13]. Thus, low heating rates, low temperature, and long residence
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times have been found to maximize the char yield. The gas and the oil released have
potential applications as fuels; however, the char is considered a residue with little
further interest due to the low yield it produces. Some applications under research are
the construction of asphalts [14], fuel briquettes [15], the use as an additive in epoxy
resins [16,17], or as adsorbent after activation for environmental applications such as
the removal of pollutants in aqueous effluents [18-20] of gas purification such as the

COz capture [21-23].

This work studies the preparation of porous activated carbon obtained from mixed
wastes, yogurt containers made of polystyrene (PS), and olive stone. The individual
materials and mixed fractions have been subjected to pyrolysis and the char obtained
was further activated chemically with KOH and H>SOs. The textural properties were
characterized before and after activation, registering great effectiveness when KOH was
used. The resulting material was used as an adsorbent for the removal of CO: in the gas
phase at 30 °C and atmospheric pressure, which simulated the conditions of combustion
gases. The CO; uptake was quantified in thermobalance assays. The materials with the
best CO; uptake in thermobalance assays after activation were further considered for
analysis in the fixed-bed column. The influence of the inlet CO> concentration was

investigated within 10 to 50%.

2. EXPERIMENTAL SECTION

2.1. Preparation and activation of the co-pyrolysis chars

High-impact polystyrene (HIPS) was obtained from yogurt containers. After
removing the labeling, the plastic packages were washed, dried, and crushed to less than
1 mm. The olive stones were acquired from a local olive oil mill supplier in Granada

(Spain). The stones were dried and crushed to less than 1 mm in size.
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The co-pyrolysis of the HIPS and olive stones was carried out in a furnace under an
N> atmosphere by mixing the crushed starting materials. Around 20 g of material was
placed in a tubular metallic container. Different mixtures of plastic and olive stones
were pyrolyzed, i.e. 80% plastic (80P), 50% plastic (50P), and 20% plastic (20P). The
chars from pure plastic (P-char) or olive stone (OS-char) were also prepared. The
samples were heated under an N flow rate of 50 L h™! from room temperature to 500 °C
(heating rate 10 °C min™'). Next, the temperature was kept at 500 °C for 90 min and
finally cooled down naturally under an N> atmosphere. The char yield in each case is

shown in Table 1.

Table 1. Char yield during the pyrolysis of polystyrene-olive stone mixtures

Starting mixture Yield (%)

Plastic 10.6
80% Plastic 14.6
50% Plastic 20.2
20% Plastic 25.9
Olive stone 28.5

The resulting chars were activated chemically with KOH and H>SOs4. The selection
of the activation temperature and KOH-char ratio was based on preliminary studies and
environmental concerns. Initial tests (results not shown) pointed out that P-char
displayed an optimum activation temperature of 800 °C, whereas the OS-char displayed
a positive effect on the porosity up to 850 °C. Based on that premise, and the
environmental cost of the energy required for the activation process, 800 °C was
selected for this study. Pertaining to the KOH proportion, a previous study of activation
of a char prepared from a mixture of plastics showed that a mass ratio of 1:1 for KOH
was optimum for developing the highest microporosity [24]. Since the optimization of
the KOH-ratio is out of the scope of this work and a higher proportion would negatively

impact the environmental cost of the final material, a mass ratio 1:1 was selected. The
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activation of KOH was conducted with 2.5 g of char and 2.5 g of KOH, mixed, and
placed in the metallic capsule of the furnace. Under the N> atmosphere (200 mL min™),
the temperature was raised from 10 °C min™!' to 300 °C and kept at this temperature for 1
hour to melt the KOH. Next, under the same heating rate, the temperature was raised to
800 °C and kept for 1 h. After cooling to room temperature under an N> atmosphere, the
resulting sample was washed several times with HCI 1 M and water and finally dried at
120 °C for 24 h. For the activation with H>SOg4, 2.5 g of char was suspended in 25 mL of
H>SO4 at 20%. The suspension was stirred and then dried at 110 °C. After, the sample
was heated under an N> atmosphere (200 mL min™") to 300 °C (10 °C min™") and held for
1 h. For comparison purposes, the non-activated chars were also washed with HC1 1 M

and water and dried at 120 °C for 24 h.

2.2. Characterization of the activated chars

The textural and surface properties were assessed by N> adsorption-desorption
isotherms at -196 °C in a Sync 200 device of 3P Instruments©. Firstly, the samples were
degassed at 150 °C for 12 h in a Prep J4 unit of 3P Instruments© under vacuum. The
Brunauer-Emmett-Teller (BET) method was used for the determination of the total
specific surface area (Sget). The total pore volume (V1) was quantified from the N»
uptake at p/po~0.99. The t-plot method was applied to determine the specific surface of
micropores (Smp) and the volume of micropores (Vmp). The micropore size distribution
was studied using CO; adsorption isotherms at 0 °C applying the Horvath—-Kawazoe

(HK) method [25,26].

The disorder degree of carbon was studied by X-ray Diffraction (XRD) in a Bruker
D8 Discover device equipped with a detector Pilatus3R 100K-A, working with Cu Ka
radiation (A = 1.5406 A). The diffractograms were registered within the 20 range of 5—

75°.
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The presence of surface functional groups was analyzed by attenuated total
reflectance Fourier transform Infrared (ATR-FTIR) in a Perkin-Elmer Spectrum 65

device, registering the spectra within 4000 and 400 cm™! (resolution of 2 cm™).

The elemental analysis was carried out in a CHNS/O analyzer, model Flash 2000
from Thermo Scientific™. Briefly, the sample was oxidized at approximately 1400 °C
and the released gases (CO2, H20O, NOy, SOy, and unreacted O2) passed through to the
capture of O2 (copper bed at 860 °C) and led to the reduction of the organic nitrogen
and sulfur to N> and SO». The final gases (CO2, H>O, N>, and SO») are separated by gas
chromatography and the quantification is conducted by thermal conductivity detection.

The amount of oxygen is determined by the difference.

The morphology of the porous activated samples was analyzed by Scanning Electron
Microscopy (SEM) in a FEI Quanta 400 device (30 kV, 3.5 nm resolution).
Transmission Electron Microscopy (TEM) was also conducted in a Libra LIBRA 120
PLUS from Carl Zeiss SMT (120 kV, LaBg filament), equipped with an omega in-line
filter and Electron Energy Loss Spectroscopy (EELS) detection, which was conducted
as a complementary analysis to assess the disorder degree of carbon, i.e. graphitic or

amorphous carbon.

2.3. Adsorption of COz: Kinetics and thermodynamics

The CO; isotherms at 0 and 25 °C were carried out in a Sync 200 device of 3P
Instruments©. The samples were degassed as mentioned previously. The CO> uptake

(qco2, mg g™') was adjusted to the Freundlich equation [27]:

1
dco, = Kpp /o (1)

where Kr (mg g'! kPa™) and nr are, respectively, the Freundlich constant and exponent.
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The CO2/N; selectivity was calculated from their respective isotherms conducted at
25°C, near ambient temperatures that are relevant for real applications. The selectivity
of CO2/N; was estimated using the Henry’s law, by dividing the initial slopes of CO>
and N> adsorption isotherms [28], obtained by adjusting the isotherm data to a straight
line within 0-20 kPa. Alternatively, the selectivity as a function of the total pressure was
determined considering the ideal adsorbed solution theory (IAST), based on the
assumption of a typical fuel gas composition, i.e., 15:85 (v/v) CO2:N,. Hence, the

selectivity was calculated as follows [29,30]:

Selectivity = (%) (&) 2

Ny25°Cc / \Pco,

where V; stands for the gas uptake (STP cm® g') and p; is the partial pressure of the i

component in the CO2-N> mixture (pn2/pco2=0.85/0.15).

The isosteric heat of adsorption (AHags) was obtained as a function of the CO; uptake

(qco2) with the Clausius—Clapeyron equation [31,32]:

_ P\ TiT,
AH,4s = —RIn (Pl) Oy 3)

The obtained parameters by the Freundlich model were applied to the two adsorption
isotherms carried out at T1=0 °C and T>=25 °C to obtain the pressures (p: and p2) for

different CO; adsorption uptakes, leading to the isosteric adsorption calculation.

The adsorption capacity (qcoz2) was quantified by thermogravimetric assays in a
Perkin-Elmer STA 6000 thermobalance. The process was set up with a drying step for
the removal of moisture and physisorbed substances. The sample (10-20 mg) was
subjected to a heating step from room temperature to 200 °C and then held to this value
for 1 h, under an N, atmosphere, flow rate of 50 mL min™'. Next, the sample was cooled

to 30 °C under the same N flow rate. Finally, the isothermal adsorption step of CO, was
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done by changing the inlet gas to CO2, 50 mL min™!, for 2 h, until a constant mass was
observed. The increase of mass registered for the mass of the dried sample led to the

determination of the adsorbed CO:x.

Two models were used to describe the kinetic adsorption process of CO; onto the
carbonaceous adsorbents, i.e. pseudo-first-order and Avrami models, previously applied
to simulate the adsorption rate behavior in similar materials [33—35]. The Lagergren’s
pseudo-first order model assumes that the rate of CO; depletion is directly proportional
to the difference between the saturation concentration of that species and the mean
concentration within the particle [36], describing the temporal evolution of the adsorbed

CO; capacity as follows:

dco, = QS(l - e_klt) 4)

where qs (mg g!) is the CO> adsorption capacity under saturation conditions and ki
(min) is the pseudo-first order rate constant. The Avrami model is a three-parameter
modification of the first-order kinetics that was originally developed to simulate the
phase transitions and crystal growth of materials [37]. Recently, it has been successfully
used to describe the kinetics of CO» adsorption onto functionalized activated carbons
[33,38], clays [35] and zeolites [39]. The model predicts the evolution of the adsorbed

CO; as follows:

dco, = qs(1 — e~(kad™) (5)

where ka (min™') is the Avrami kinetic constant and na (dimensionless) is the Avrami

exponent.
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2.4. Breakthrough curves of CO:2 adsorption in a fixed-bed column

The breakthrough curves of CO; adsorption in fixed-bed assays were carried out in a
jacket glass column of 10 cm length and 10 mm internal diameter. The temperature was
set at 30 °C with the use of a cooling fluid passing through the annular space of the
column. In the inlet, 0.5 g of adsorbent was placed. Glass balls were placed in the
extremes of the adsorbent to keep it immobilized and avoid fluidization. A gas flow rate
of N-CO; mixtures (Co=10-30% of CO,) at a total flow rate of 100 mL min! was fed to
the bottom of the column. The concentration of CO; leaving the column was analyzed
by infrared detection (NDIR Edinburgh Instruments Ltd.). For the adsorption-desorption
cycles, after reaching saturation of CO, adsorption, the mixture N>-CO> was changed

into pure N» to complete the desorption step.

The adsorption capacity of COz (qco2) was quantified from the area below the
removed CO; curve from the beginning of the process until reaching saturation of the

column (tsat), i.e. C/Co~0.95, as follows:

9Cy rtsa C
Gco, = p [y (1-¢) dt (6)

Mads

where v (L s') means the volumetric flow rate, Co (mol L) is the inlet CO

concentration, and mags is the mass of the adsorbent loaded in the column.

The removal efficiency of CO, was determined as the amount of CO, adsorbed in the

fixed-bed respect to the total fed in the column:

tsat(,_C
R — dco,Mads _ 70 (1 Co)dt (7)

‘gcotsat tsat

10
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3. RESULTS AND DISCUSSION
3.1. Characterization of the materials

The textural properties of the materials after chemical activation with KOH and
H>SO4 were evaluated by N> adsorption-desorption isotherms at -196 °C, see results in
Figure 1 and Table 2. As can be seen, the activation with KOH led to the best results.
The char prepared from polystyrene after KOH activation led to a higher surface area
(508 vs 194 m? g'!) and pore volume (0.398 vs 0.116 m? g'!) than the activation of the
char obtained from olive stone. Their relative mixtures led to intermediate values except
for the sample 80P-char-KOH which led to a higher surface area, i.e. 559 m? g'!. The
isotherms describe a type II shape according to the IUPAC’s classification [40], with a
high increase of N> uptake at low relative pressures, which means a good development
of microporosity. Plastic displayed higher micropore volume than olive stone. However,
in relative terms, the presence of olive stone, although decreases the global porosity
reached in the final material, affects positively the microporosity ratio (see Table 2).
The higher contribution when plastic is incorporated is also deduced from the H4-type
hysteresis loop [41].

Although the pyrolysis of plastic residues has been extensively studied for the
production of added-value fuels, there is less information in the literature about the use
of char using high-impact polystyrene as the precursor for the production of activated
carbon materials [22]. Expanded polystyrene foams have led to very porous structures,
over 2000 m? g! surface area, and ~1 cm® g! of pore volume [42]. The pyrolysis of
waste tires and their activation with KOH has been reported to produce activated carbon
with 474 m? g! (700 °C, KOH amount 4 times folded to the char) [43]. The acid
activation with H3POs has been reported to develop much less porosity, 37-74 m? g’!

depending on the temperature of the process. Other studies have reached improved
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textural, with areas as high as 700 m? g! from activating the waste tires with a higher
KOH ratio, 1.e. five [44] or six times higher than the char [19]. A rise of the activating
agent, although develops higher porosity, implies a rise in the costs of the material by
the use of more chemical agents and further washing efforts. Bottles of polyethylene
terephthalate have been pyrolyzed and the resulting char after activation with KOH
(ratio KOH: char 3:1) led to a porous carbon material of high specific surface area
(1345 m? g!) [45]. The char obtained from non-recyclable mixtures of plastic wastes
after activation with KOH has led to surface areas of 487 m? g'! [46].

The pyrolysis and activation conditions have been selected based on the behavior of
the plastic [24]. Nonetheless, the activation of olive stones has been widely studied in
the literature, and optimized to release very porous carbon materials. The activation of
olive stones with KOH under similar activation conditions (800 °C, KOH: olive stone
1:1) has been reported to develop porosity as high as 500 m? g!, and even higher by
raising the ratio of KOH to the char [47]. Other works have reported higher BET area
values with KOH activation, such as 886 mg? g! at optimal conditions for the activation
at 715 °C, 2 hours, an amount 1.5 times KOH to char [48]. Besides, the carbonization
temperature of the olive stones at lower temperatures, i.e. 200 °C, and further activation
with a high ratio of KOH, i.e. 3:1, have led to activated carbons with surface area as
high as 2000 m? g'! [49].

The impregnation with HoSO4 has been demonstrated to develop porosity, but to a
lesser extent if compared to KOH [50]; however, it modifies the surface groups,
promoting the appearance of carboxylic groups [51] to the detriment of hydroxyl and
carbonyl groups observed in the activation with KOH [52,53]. From the characterization

results of Table 2, it can be observed that the textural modifications with H2SO4 are

12



261  marginal, with a slight increase in the surface area and total pore volume but negligible

262  microporosity.

263 Table 2. Textural characterization of the activated chars
Sample Sger (m?g!) Smp(m2g!) Vr(em®g!) Vwme(em®gl)  Vme/Vr (%)
P-char 33 15 0.042 <0.001 -
80P-char 6 <0.1 0.017 <0.001 -
50P-char 5 <0.1 0.008 <0.001 -
20P-char <0.1 <0.1 <0.001 <0.001 -
OS-char <0.1 <0.1 <0.001 <0.001 -
P-char-KOH 508 401 0.403 0.204 50.6
80P-char-KOH 559 472 0.343 0.231 67.3
50P-char-KOH 380 340 0.216 0.168 77.7
20P-char-KOH 280 251 0.164 0.131 79.9
OS-char-KOH 194 172 0.116 0.089 76.7
P-char-H>SO4 36 <0.1 0.084 <0.001 -
80P-char- H>SO4 14 <0.1 0.038 <0.001 -
50P-char- H2SOq4 34 <0.1 0.017 <0.001 -
20P-char- H2SO4 0.6 <0.1 0.004 <0.001 -
OS-char- H2SOq4 0.4 <0.1 0.002 <0.001 -

264  *Sger: total specific surface area by BET method; Smp: micropore surface area; Vr: total pore
265  volume; Vmp: micropore volume.

3or————— 77— 60""x"'x"'x"'x"'
[ — P-char-KOH A | — P-char-H,SO, B
|~ 80P-char-KOH 5| — 80P-char-H,SO,
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% I — OS-char-KOH [ 20P-char-H,S0,
- I 40 - — OS-char-H,SO, 1
@ 200 :
5] L
5 30 .
£ 1m0l [
‘.(E L L
o 20 + .
Q [
~ | I
< 100 »
[ 10* ia
50' 1 1 1 1 0'
0 02 04 06 08 10 02 04 06 08 1
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267  Figure 1. N; adsorption-desorption isotherms of the chars activated with KOH (A) and
268  H>SOs4 (B).
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XRD was conducted to characterize the disorder degree of carbon and level of
crystallization of the chars after activation, see the diffractograms of some selected
samples activated with KOH in Figure 2. The broad bands centered at approximately
24 and 43°, corresponding respectively to the (002) and (100) diffraction planes, were
observed in the samples [54]. The broadness of the peaks is a clear indication of the
great degree of disorder. The band observed in the samples at the (002) plane can be
related to a small number of stacked layers with a uniform interlayer distance (3.7 A), a
value larger than the usually reported for ordered structures based on graphite or
graphene [55]. Figure 2 also depicts the presence of a minor contribution of other
crystalline phases, probably due to the presence of metallic impurities. Although an
attempt was conducted, the complexity of the samples, the low intensity of these peaks,

and the plausible interaction with the carbon phase at the high temperatures during

activation [54] did not enable a clear identification.

PS-char-KOH

Intensity (a.u.)

JG'F' char-KOH

/ \.FQH'M '/Jl\‘w
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Figure 2. XRD patterns of the chars activated with KOH
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The nature of the functional groups present in the samples was studied by FTIR
analysis. Figure 3 depicts the FTIR spectra of the non-activated char and char activated
with HoSO4 and KOH obtained from the plastic and olive stone precursors as a selection
to depict the differences between the precursor’s nature. The mixtures led to
intermediate FTIR footprints depending on the contribution of plastic or olive stone to
the char. The same functional groups were observed either in plastic or olive stone chars
without activation with slight differences. A wide band centered at around 3100 cm™' is
observed in both chars, slightly higher in the char prepared from the plastic. At 1600
cm’!, a peak is associated with C=C stretching in aromatic rings [56,57]. At 1400 cm! is
defined as another peak that can be attributed to medium vibration of O-H flexion in
carboxylic acids, alcohol, or phenol. At 1200 cm’!, another peak belonging to C-O
vibration in carboxylic acids [57,58]. At 1100 cm™ there is another peak attributable to
C-0 of ether or alcohols [57,59]. The olive stone char displayed a uniform contribution
of the abovementioned peaks whereas the plastic char if compared in intensity, was
characterized by the higher contribution of alkenes and ethers and/or alcohols. After
activation, more remarkable differences were observed between the nature of the
chemical agent, e.g. KOH and H>SOs. The activation with KOH decreased the intensity
of ethers and alcohols. Nonetheless, the use of H>SO4 contributed to obtaining
oxygenated peaks with more intensity than the use of KOH. This tendency, although

common in both precursors, is more visible in the case of plastic char.
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Figure 3. FTIR spectra of plastic (A) and olive stone (B) chars before and after

activation with KOH and H>SOs.

The elemental composition of the activated chars is shown in Table 3. The
activated char prepared from olive contains a considerably higher amount of carbon and
less oxygen than the material prepared with plastic. The activation of the chars with
KOH led to a decrease in these differences in carbon content, being the material
prepared from olive stone slightly enriched in carbon if compared to the plastic one. The
reaction between the KOH and the oxygenated content present in the plastic char to
release CO, may explain the increase of carbon content and enhance the formation of
cavities that contribute to the microporosity of the material [60]. On the contrary, the
activation with H2SO4 promoted the carbon content differences between the plastic and
olive stone chars. During the activation process, not only does the carbon react with

sulfuric acid to release CO> and SO», but also oxygen is fixed onto the surface as
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oxygenated groups that contribute to the percentual account of oxygen. This effect of an
increase in the oxygen proportion during H>SO4 activation compared to KOH has been
also reported during the activation of tires [61]. Moreover, the presence of sulfur was
detected, at a higher proportion as the content of plastic in the precursor char was
higher, probably due to the higher reaction extent between the char and the acid,

triggering the release of larger amounts of sulfate [61].

Table 3. Elemental composition of the chars before and after activation

Composition (%)

Material N C H S o)
P-char 0.48 55.03 2.75 0.05 41.69
80P-char n.d. 65.03 2.07 n.d. 32.90
50P-char n.d. 70.91 3.12 n.d. 25.97
20P-char n.d. 78.41 3.44 0.04 18.11
OS-char n.d. 83.07 3.52 n.d. 13.41
P-char-KOH 0.64 75.83 0.77 n.d. 22.76
80P-char-KOH 0.63 75.56 0.74 n.d. 23.07
50P-char-KOH 0.68 75.83 0.71 n.d. 22.78
20P-char-KOH 0.35 76.54 0.69 n.d. 22.42
OS-char-KOH 0.00 78.59 0.63 n.d. 20.78
P-char-H,SO4 n.d. 40.52 0.76 5.19 53.53
80P-char- H>SO4 0.21 44.35 1.74 3.89 49.81
50P-char- H,SO4 n.d. 55.97 0.36 4.88 38.79
20P-char- H,SO4 0.68 62.69 0.75 0.33 35.55
OS-char- H>SO4 0.72 75.12 0.86 0.19 23.11

n.d.: not detected

The morphology of the activated carbons was analyzed by SEM technique. Figure 4
illustrates some of the selected SEM micrographs obtained for the activated chars with
KOH, which developed the highest microporosity. The sample obtained from the olive
stones, OS-char-KOH (Figures 4A and 4B), displayed holey particles. The images
obtained with the polystyrene precursor, P-char-KOH, provided a completely different
morphology. It was observed that the agglomeration of fiber particles, see Figure 4C.

The magnification over these fibers suggested the presence of some cavities (Figure
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4D). The samples obtained from the mixture of both precursors led to heterogeneous
contributions of the previously mentioned morphologies, i.e. holy particles to which
fibers were attached. Figures 4E and 4F provide the view of the holey particles of 50P-

char-KOH.

Figure 4. SEM pictures of OS-char-KOH (A and B), P-char-KOH (C and D), and 50P-
char-KOH (E and F).

The morphology at a higher magnification than SEM was evaluated by TEM
microscopy. The P-char-KOH and OS-char-KOH were selected for the TEM analysis,
see Figure 5. In the selected pictures taken, it is observed that the particles of P-char-
KOH displayed higher thickness, leading to particles opaque to TEM. In contrast, OS-
char-KOH was much more transparent, depicting wrapped carbon plates and fibers,

agglomerated in higher units of particles. The recorded EEL spectra of P-char-KOH and
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OS-char-KOH, see Figure 5D and 5H respectively display the peaks of n* (286 eV) and
o* (293 eV) transitions, of the carbon-K core-loss edge. These spectra provide
information on the disorder degree of carbon in each sample. The feature at 286 eV,
linked to the transition 1s—7* is attributed to the C=C double bonds; while the acquired
peak defined at 291 eV, corresponding to the transition 1s—c* is attributed to C-C
bonds of characteristic of diamond and graphitic structures [62]. In ordered compounds
like diamond and graphite, a peak appears at 291 eV [63]. Moreover, while the intensity
gradually decreases with the energy loss in amorphous carbon, the graphitic structure
describes a wide second peak within 320 and 330 eV [63], as shown in the sample P-
char-KOH. Accordingly, the EELS analysis of P-char-KOH can be labeled as graphitic
whereas the OS-char-KOH displays EELS carbon-K spectra of an amorphous structure.
It should be mentioned that the spectrum of P-char-KOH was defined with low intensity

due to the thickness and opaqueness of the sample, impeding a high flow of transmitted

electrons.

1s—a*!  P-char-KOH
s c-C
3 B o~
= \ !. ke e
;E 1'5—--.1:'5 =
s WC=C !

20 240 20 W0 W0 2D M0 XY 380
Energy loss (V)

Inbensity (a.u.)

0 M40 X0 280 300 10 MO 350 380
Energy koss (eV)

Figure 5. TEM pictures and EELS analysis of the carbon-K core-loss edge of P-char-
KOH (A- D) and OS-char-KOH (E-H).
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3.2. Adsorption of CO: by thermogravimetry

The activated chars were tested as adsorbent for CO> capture. As a first approach to

determine the adsorption capacity, the performance on thermobalance with a pure CO;

effluent was tested. The temporal evolution of the retained CO; is depicted in Figure 6

and the saturation CO» capacity, quantified from the reached plateau, is illustrated in

Figure 7. The chars before activation displayed low adsorption capacity, being the char

obtained from olive stones was more effective than the plastic, i.e. 43.7 vs 31.3 mg g’'.

The char prepared with the mixtures of plastic and olive stone led to intermediated

values. After the washing with HCI, these values were slightly decreased, being 41.6 mg

g’! for the olive stone and 29.1 mg g for the washed plastic char. The activation with

KOH was more efficient than H>SOj4 for the capture of CO, by adsorption.
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Figure 6. CO> adsorption performance on thermobalance of the materials before and

after activation
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Figure 7. Comparison of the saturation CO» capacities with the different materials

Contrary to what was registered with the char before activation, the P-char after
activation produced better adsorption of CO». For instance, the P-char-KOH was able to
retain 155 mg CO, g! whereas the OS-char-KOH adsorbed a third less, 100.3 mg CO»
g’!. This improved adsorption capacity can be explained based on the textural
properties, i.e. micropore volume 0.204 cm? g (P-char-KOH) vs 0.089 cm? g'! (OS-
char-KOH). It is frequently reported a proportional relationship between the amount of
adsorbed CO; and the micropore volume (< 2 nm) [64,65]. The CO, molecule displays
a diameter of 0.33 nm, and slightly higher sizes but inferior to 1 nm result in the
optimum value for CO> adsorption [66]. The pore size distribution was studied through
CO; adsorption isotherm at 0 °C. Figure 8 depicts the results of the pore width
distribution by the HK model, in which it can be appreciated that the micropore of the
char after activation is within 0.5 and 2.5 nm, being the most frequent ~0.6 nm. The
activation with KOH was able to develop an important contribution to microporosity,
which has been reported as essential for CO, capture. Although the intermediate

mixtures did not display a synergistic effect on the CO> adsorption, their combination

can be justified based on the higher yield of material they produce after pyrolysis as
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shown in Table 1. The addition of plastic as raw material aided not only in developing a
higher microporosity but also in enhancing the CO; adsorption capacity. The literature

reports diverse CO» uptakes depending on the microporosity developed.
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Figure 8. Micropore size distribution of the samples activated with KOH by the HK
method.

The use of plastic polymers has been considered as a carbon source precursor for the
activation for the production of porous activated carbon which can be used for the
adsorption of CO,. Nonetheless, there is little information in the literature using
polystyrene as the precursor. There is a work that reported the preparation of
carbonaceous materials with steam activation and superficial tunning with nitrogen-
enriched groups, able to uptake CO> with a performance of 140.8 mg g!' [67]. For the
comparison with the material prepared in this work, e.g. from polystyrene, the closest
polymer with wide study in the literature is polyethylene terephthalate (PET). For
instance, the activation of the char obtained from post-consumer PET soft-drink bottles

with KOH (500 °C, KOH ratio 4:1) led to a CO: uptake of 96.8 mg g! [68]. PET from
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disposable water and cold drink bottles has been also used to prepare activated carbon
(KOH, 700 °C, ratio 3:1), leading to a retention of 101.6 mg g! [69]. Under activation
conditions closer to our study (activation with KOH, 800 °C, ratio 1:1), the adsorption
capacity has been reported as high as 154 mg g'' [70], quite close to the value reached in
this work (155 mg g!). The olive stones have been used to obtain competitive materials
for CO, adsorption but with lower capacities than polymers. For example, the olive
stones carbonized and activated with CO, have been reported to uptake at atmospheric
pressure 88 mg g! [71].

The activation with H>SO4 poorly improved the results obtained with the chars
before activation, see Figure 7. Only a slight improvement was observed, especially
when plastic is present in the mixture of the precursor char. For example, the P-char-
H,SO4 adsorbed 57.3 mg g!. In the case of OS-char-H>SO4, the value was 38.3 mg g’!,
even lower than before the activation. This behavior can be related to the textural
porosity. The addition of HoSO4 poorly developed porosity in the precursor chars, with
negligible microporosity contribution, explains the lack of CO» adsorption ability. For
this reason, the HoSO4 was discharged as an activation method in this study. Other
works have successfully got activation with H>SO4 although reaching less porosity
compared to KOH. The activation of date seeds with H2SOj4 led to surface areas 311-
577 m? g'! while KOH raised the values to 623-912 m? g'!, depending on the chemical
activating ratio and temperature [72]. However, although KOH led to the highest
porosity, it was H>SOg4 that conducted the best CO> uptake in comparison due to the

presence of surface acid groups.

The kinetics of CO; adsorption onto carbonaceous materials have been fitted to
diverse models, e.g. Lagergren’s pseudo-first order, Ho’s pseudo-second order, or

Elovich's diffusional model [28,35]. The pseudo-first order model assumes reversible

23



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

interaction between the adsorbent and the adsorbate, such as physisorption. The pseudo-
second order supposes a strong binding interaction between the adsorbed gas and the
surface of the solid, which is appropriate to describe chemisorption processes [73]. The
CO» adsorption onto activated carbon has been largely described as a physisorption
process [34], as the reported adsorption heat suggests [34,74,75]. Based on this premise,
the adsorption kinetics has been examined by fitting to the pseudo-first order and the
Avrami model, a factorial variant of the pseudo-first order with three parameters.
Although the pseudo-second order and Elovich models have been adjusted to the
experimental data (results not shown), the lack of adequate fitting (R?<0.9 in most of
the cases) if compared to the pseudo-first order (R?>0.9) suggests a probable
physisorption predominant action. The results of the obtained fittings are shown in
Table 4. The Avrami model implies a better description, raising in all the cases the R?
values. In general terms, the rate constant, either ki or ka, displayed minor differences
between the samples. The adsorption rate onto the native chars was improved as the
olive stone proportion was raised and even improved with the washing step. The
activated samples with KOH performed similar rate constants to their washed ones. The
k-values of the activated samples are within the typical values reported in the literature
for activated carbons, i.e. 0.18-0.30 min™ [76,77]. The activation of H2SO4 slightly
raised the k-values except for the samples with the highest proportion of olive stone, in
which the kinetic was dramatically decreased, probably due to the lack of enough

developed porosity, as the Sger inferior to 1 m? g”!' suggests.
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Table 4. Kinetics parameters of CO; adsorption on the materials before and after
activation with KOH and H>SO4

Pseudo-first order Avrami
Sample q120 ml;l dco, = qs(l _ e—klt) dco, = qs(1 - e—(kAt)nA)
(mg g”) qs K, ) qs "N )
-1 1 R -1 1 LLVY R
(mgg’) (min”) (mgg’) (min”)
P-char-native 31.3 29.7 0.144 0.965 299 0.147 0.799 0.987

80P-char-native 34.0 322 0.156 0972 322 0.156 1.080 0.986
50P-char-native 35.6 35.5 0.180 0.987 354 0.174 1.213 0.994
20P-char-native 42.6 42.7 0.171 0989  42.6 0.167 1.192 0.993
OS-char-native 43.7 433 0.177 0986  43.2 0.111 1.243 0.993
P-char-washed 29.1 29.0 0.164 0985 289 0.158 1.305 0.996
80P-char-washed  30.6 31.1 0.188  0.981 31.1 0.189  0.987 0.990
50P-char-washed  39.2 393 0.195 0.987 393 0.188 1.187 0.992
20P-char-washed  41.1 40.4 0.168 0.987 403 0.164 1.216 0.993
OS-char-washed 41.6 41.4 0.164 0985 413 0.158 1.305 0.996
P-char-KOH 155.1 1509  0.170 0.969 1522  0.173 0.771 0.978
80P-char-KOH 122.0 1184  0.194 0981 118.7  0.198 0.887 0.991
50P-char-KOH 113.7 114.3 0.189 0981 1149  0.196 0.803 0.990
20P-char-KOH 115.9 1109  0.196 0974 1113 0.201 0.850 0.989
OS-char-KOH 100.5 96.9 0.184 0970 973 0.188 0.837 0.974
P-char-H>SO4 573 54.1 0.181 0.955 54.6 0.184 0.747 0.965
80P-char-H>SO,4 52.0 51.8 0.205  0.991 51.7 0.201  1.099 0.993
50P-char-H>SO,4 49.0 48.6 0.221 0989  48.6 0.218 1.068 0.990
20P-char-H,SO4 53.8 534 0.028 0.990 629 0.019 0.751 0.999
OS-char-H2S04 38.3 38.7 0.024 0988 513 0.013  0.719 0.999

The thermodynamic behavior of the adsorption process was studied by carrying out
CO» adsorption isotherms up to atmospheric pressure at 0 °C and 25 °C for the samples
activated with KOH due to the higher adsorption uptakes, as suggested by the assays
carried out in the thermobalance. The shape of the isotherms, see Figure 9A, depicts a
growing rise of the CO» uptake until 101 kPa, with the lack of a defined plateau. The
exothermic behavior of the adsorption process was confirmed by the decrease of CO>
uptake with the rise of the temperature. The experimental data were successfully
adjusted to the Freundlich equation (R*>0.99), see the results in Table 5. The

Freundlich equation is an empirical model that describes a non-ideal and reversible
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process of monolayer or multilayer adsorption on a heterogeneous surface [27].
Therefore, the good fitting to the Freundlich isotherm suggests certain heterogeneity in
the activated carbon surface [78]. The Freundlich constant (Kr) decreased with the
temperature, due to the physisorption character; and the exponent was higher than the
unit, which is characteristic of a physisorption process [79]. If the samples are
compared, the chars prepared from the mixture of plastic and olive stone show certain

improvement in CO» uptake if compared to the original precursors.
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Figure 9. (A) CO, adsorbed (mg g') at 0 °C (filled symbols) and 25 °C (empty
symbols). (B) CO; (filled symbols) and N2 (empty symbols) gas uptake (SPT cm® g!) at
25 °C. The lines depict the fitting to the Freundlich model.

Table 5 Freundlich parameters of CO> adsorption, CO2/N> selectivity at 25 °C, and
isosteric adsorption heat.

1
Sample T (°C) dco, = Kp P /n (mgg™) (%)

Freundlich isotherm CO:/N,
ey Selectivity” -AH,4

(kJ mol™!)

K e R AUIbAr Sl TASTisss

0 15.395 2.214 0.996 123.8

P-char-KOH 10.2 39.0 239

25 7.068 1.868 0.997 84.6

0 15.902 2.091 0.997 144.5

80P-char-KOH 14.1 473 20.1

25 8.195 1.808 0.997 105.2
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0 14.520 2.045 0.998 138.0
50P-char-KOH 17.3 68.3 28.2
25 7.068 1.868 0.997 83.2

0 11.837 1.894 0.998 135.4
20P-char-KOH 15.4 55.1 16.6
25 6.428 1.679 0.998 100.4

0 9.845 1.817 0.996 124.8
OS-char-KOH 12.6 50.8 21.7
25 6.068 1.787 0.999 80.3

481  'Krinmg g' kPa™

482  Initial selectivity obtained at 25 °C from the slopes of CO, and N, isotherms. IASTsss,
483  selectivity obtained for a CO,:N, mixture of 15:85 (v/v) at ambient pressure.

484  ‘Isosteric adsorption heat at qco= 80 mg g\

485 The CO2/N> selectivity of the activated samples with KOH was assessed following
486  two approaches. Firstly, the initial selectivity, e.g. the selectivity at low pressures with
487  equal partial pressures of CO> and N», was calculated as the division of the slope of the
488  straight line adjusted to the isotherms illustrated in Figure 9B at low pressures (0-20
489  kPa), leading to the values displayed in Table 5. Alternatively, the selectivity was also
490  estimated from the ideal adsorbed solution theory (IAST), see Figure 10A, as a function
491  of the pressure for a hypothetical mixture of 15:85 CO2:N, a value frequently observed
492  in exhausted fumes released from fuel combustion. Both calculations for the selectivity
493 lead to the same conclusion, the selectivity of the samples prepared from mixed
494  precursors was higher than those activated with the pure chars of olive stone or plastic.
495  Furthermore, the sample 50-char-KOH shows an outstanding synergistic effect in terms
496  of selectivity as visible in Figure 10A. At ambient pressure, this sample displayed an
497  IAST selectivity of 68.3, higher than the values reported for commercial formulas of
498 activated carbons (<15) [30] and quite competitive to the majority of experimental

499  carbon materials prepared at lab scale [80], which provides evidence of the benefits of

500  mixing char precursors for CO»-capture and separation applications.

501 The isosteric heat of CO> adsorption of the chars activated with KOH is depicted in
502  Figure 10B. It is observed that the samples containing polystyrene as a precursor led to

503 profiles in which the isosteric heat of adsorption was larger at low coverage uptake and
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gradually declined with the consumption of strong active sites. This behavior is
attributed to the heterogeneity of the sample in which the first active sites led to higher
exothermicity than the rest. The equation of Freundlich assumes that the adsorption
energy logarithmically decreases with the number of available adsorption sites
decreases [78]. At atmospheric pressure, the obtained values are within 16-38 kJ mol'.
Values below 40 kJ mol™ are considered as physisorption, whereas values over 80 kJ
mol! are labeled as chemisorption [81]. As suggested by the calculated Freundlich

exponents values, the CO> process on the prepared samples takes place via

physisorption.
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Figure 8. (A) IAST CO2/N; selectivity at 25 °C of 15:85 (v/v) mixtures and isosteric
heat of CO; adsorption of the samples activated with KOH as a function of the pressure.

3.3. Breakthrough curves of CO: adsorption

The dynamic behavior of CO> adsorption was assessed in the fixed-bed column for
the chars activated with KOH based on the better results achieved in the thermobalance
assays. Figure 11 illustrates the breakthrough curves of the chars activated with KOH

which led to the best adsorption capacities. Three inlet CO> concentrations within 10-
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30% vol. were tested. The higher the inlet concentration of CO., the faster the
breakthrough curve was described. At the lowest inlet CO, the curves showed the
highest differences among them. Under a feeding of 10% of CO, the sample activated
from pure plastic pyrolysis led, i.e. P-char-KOH, led the breakthrough curve appeared at
46 s, with an adsorption capacity of qco2=49.7 mg g'!. The adsorbent prepared from
olive stone (OS-char-KOH) shortened the appearance of the breakthrough point (~36 s)
and retained less COa2, qco2=47.8 mg g'!. The sample whose char was obtained from
80% of plastic, i.e. 80P-char-KOH led to the highest adsorption capacity, qco2=59.6 mg
g’l. The rest of the samples, see Table 6, reported very similar adsorption retention if
compared to the sample with only olive stone. Regarding the removal percentages of
COa,, the sample P-char-KOH led to the best results and the OS-char-KOH to the lowest

efficiency, with intermediate values for the mixtures.

An increase in the inlet CO; concentration gave a rise in the adsorption capacities,
for instance in the case of P-char-KOH, the adsorption capacities increased to 176.3 mg
gl at 30% and 220.8 mg g! at 50%. At the same time, the saturation times were
shortened. This positive effect is associated with the larger probability of the adsorbate
molecules interacting with the active points of the adsorbent. Besides, with an increase
in CO2 concentration, a greater concentration gradient is generated; therefore, the
resistance mass transfer is reduced, leading to a greater adsorption capacity [82,83]. The
adsorption capacities obtained with the different plastic-olive stone mass ratios at 30
and 50% of CO; feeding led to similar behavior if compared to those obtained at 10% of
COz. Thus, the P-char-KOH conducted the highest CO; adsorption capacity followed by
80P-char-KOH and OS-char-KOH. The other two intermediate proportions, i.e. SOP-

char-KOH and 20P-char-KOH produced slightly lower retention capacities.
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545  Table 6. Adsorption capacities and removal efficiency of CO> during the sequential
546  adsorption-desorption cycles in the fixed-bed column at different initial concentrations

Co=10% Co=30% Co=50%
Sample qco2 qco2 qcoz
R (% R (% R (%
(mgg") ) (mg g ) (mg g )
P-char-KOH 49.7 34.8 176.3 33.6 220.8 32.8
80P-char-KOH 59.6 36.2 172.9 31.9 216.4 354
50P-char-KOH 49.5 38.5 137.7 40.5 190.1 33.9
20P-char-KOH 50.2 31.3 152.3 31.8 197.7 314
OS-char-KOH 47.8 29.7 161.3 28.7 197.5 27.5
1
0.8
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548  Figure 11. Breakthrough curves at different inlet concentrations of CO: of the chars
549  activated with KOH. Experimental conditions: T=30 °C, mag¢s=0.5 g, vGas=100 mL min
550 .
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If the retention capacities obtained in the fixed-bed column are compared to the
saturation capacities obtained in the thermobalance assays, it is observed that the values
obtained in the column are higher. This might be attributed to the humidity present in
the sample when carrying out the column experiments. The thermobalance analysis
program includes a step at 200 °C which was not carried out in the fixed bed column.
The presence of moisture has been linked to higher CO, uptake due to the reaction of
CO» and water to release carbonate and bicarbonate, increasing therefore the amount of
CO; consumed. For example, in the case of modified commercial silica, an increase of
up to 10% of CO; adsorbed has been reported in the presence of humidity [84]. Not
only has the moisture been highlighted as the reason why the fixed-bed experiments
display higher saturation uptakes, but also the operating conditions. The adsorbent
particles in the thermobalance, placed in a capsule, are likely to build aggregates that
impede the adsorbate from reaching internal pores, making the material impermeable to
the adsorbate molecules [85]. On the contrary, the fluid-dynamic conditions displayed
in the fixed bed help to maximize the surface exposed to the adsorbate and avoid the

formation of aggregates.

To further investigate the dynamic behavior of the samples, adsorption-desorption
cycles of CO, were carried out. As an example, the two different materials prepared
from polystyrene or olive stone, i.e. the samples P-char-KOH and OS-char-KOH, were
selected. The low partial pressure of CO, and 30 °C were selected in an attempt to
simulate post-combustion conditions. Figure 12 depicts the evolution of three
consecutive adsorption and desorption cycles. The capacity of CO» retention during the
adsorption step and the release in the desorption step are shown in Table 7. As observed
from the adsorption capacities, no loss of retention was registered on the materials. The

desorbed amount of CO» calculated from the desorption curves was slightly inferior to
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Figure 12. Breakthrough curves of sequential adsorption-desorption cycles of CO, with
P-char-KOH (A) and OS-char-KOH (B). Experimental conditions: T=30 °C, mags=0.5
g, V6as=100 mL min™!, C4=30%.

Table 7. Adsorption capacities (mg g') of CO, during the sequential adsorption-
desorption cycles in the fixed-bed column

Cycle Step P-char-KOH OS-char-KOH
) Adsorption 49.7 47.8
Desorption 37.1 38.0
) Adsorption 48.3 50.4
Desorption 40.1 37.6
3 Adsorption 51.8 449
Desorption 41.7 41.2

4. CONCLUSIONS

Plastic residues and olive stone can be easily transformed into added-value activated
carbon with a high ability to capture CO> in gas streams. The pyrolysis of olive stones
leads to a higher char yield than polystyrene. The activation with KOH resulted in more

effective than the impregnation with H2SO4. The activation with KOH was able to boost
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surface areas as high as 504 and 194 m? g' for polystyrene and olive stone chars,
respectively; while H2SO4 barely raised the porosity of the starting materials. The
performance of CO; adsorption in thermobalance assays was conducted to the best
results for those materials prepared with KOH, with a good correlation between the CO»
uptake and the microporosity developed. The KOH activation of the char from plastic
led to a 155 mg CO, g™ uptake, while olive stone led to 100 mg CO, g™'. Activation
with H2SO4 enhanced the adsorption capability of the non-activated char but to a much
lesser extent than KOH. Adsorption assays in a fixed-bed column were performed at
different CO> inlet concentrations (10-50%), having a positive influence on the
saturation CO; uptake. The capacity of the plastic char activated with KOH was similar
to the achieved with olive stone, and higher than the values obtained with
thermobalance analysis at 50% CO. feeding, probably due to the better contact of the
adsorbate and the adsorbent in the column. Finally, sequential adsorption-desorption
cycles were carried out in the column, showing a lack of loss in the adsorption retention.
This work suggests the possibility of mixing plastic and biomass residues to enhance the

yield in the preparation of the material with no loss of CO> performance.
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